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ENVIRONMENTAL INFLUENCE ON RECOVERY AFTER BRAIN LESIONS —
EXPERIMENTAL AND CLINICAL DATA

Barbro B. Johansson
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One aim of rehabilitation after brain lesions should be to
optimise the function of the remaining intact brain. Ex-
perimental studies on focal cerebral infarcts in the rat have
demonstrated that postischemic environmental enrichment
significantly improves functional outcome, increases den-
drite branching and number of dendritic spines in the con-
tralateral cortex, influences expression of many genes and
modifies lesion-induced stem cell differentiation in the hip-
pocampus. Furthermore, environmental factors can inter-
act with specific interventions such as necrotic grafting
and drug treatment, which underlines the importance of
general stimulation and activation in rehabilitation after
brain damage. Animal laboratories often provide an envi-
ronment with little stimulation. This should be taken into
account when evaluating the clinical relevance of animal
studies on long-term functional outcome after brain lesions.
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INTRODUCTION

Most surviving stroke and trauma patients improve to some ex-
tent with time. Compared to the intense research on how to res-
cue neurons in the acute stage, surprisingly little clinical and ex-
perimental research has been directed towards the question of
why a certain degree of functional recovery is possible despite
permanent tissue damage. There is increasing evidence, however,
that functional improvement after permanent brain lesions is re-
lated to lesion-induced plasticity in the intact brain tissue (1-7).
An important question is to what extent postischemic events can
influence lesion-induced plasticity. This review will deal with the
influence of postischemic environmental factors — alone or in
combination with specific therapeutic interventions — after ex-
perimental focal brain infarction, as well as its possible clinical
implications.
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ENVIRONMENTAL EFFECTS ON THE INTACT
AND LESIONED BRAIN

Many studies have shown that housing intact animals in an en-
riched environment, i.e. in larger cages with access to various
activities, significantly alters behaviour, brain morphology and
biochemistry (8—11). Likewise, postischemic housing in an en-
riched environment can influence outcome after focal brain in-
farct induced by proximal or distal ligation of the middle cerebral
artery (12-14), even when the transfer to an enriched environ-
ment is delayed for 15 days after the arterial occlusion (15).

ENVIRONMENTAL EFFECTS ON
POSTISCHEMIC GENE EXPRESSION

Ischemia is a strong inducer of gene expression in the brain. Many
genes are induced within minutes or hours after ligation of the
middle cerebral artery ischemia, often returning to normal levels
within the first 24 hours (16, 17). Less is known about late post-
ischemic events. Considering the well-known role of the brain-
derived neurotrophic factor (BDNF) in brain plasticity in intact
animals (18), we have tested the hypothesis that postischemic
housing in an enriched environment could lead to an enhanced
BDNF gene expression. Contrary to the hypothesis, a marked
increase in BDNF gene expression during days 2—12 observed in
rats housed in standard environment was inhibited in rats housed
in enriched environment (18). Significant differences with stan-
dard rats above and enriched rats below baseline were observed
in the peri-infarct region, contralateral cortex and hippocampus 2
to 12 days after induction of ischemia. The BDNF protein levels
12 days after the middle cerebral artery occlusion likewise showed
a significant reduction in the peri-infarct area but not in the
contralateral hemisphere (19). A similar dampening of the post-
ischemic gene expression in rats housed in enriched environment
was seen for NGFI-A mRNA. With this gene, however, a late
significant increase in the enriched group was observed 30 days
after the lesion (20).

Cortical networks adjacent to a focal brain infarct are hyperex-
citable because of an imbalance between excitatory and inhibi-
tory synaptic function due to increased N-methyl-D-aspartic acid-
receptor-mediated excitation and reduced GABAergic inhibition
(21). Hyperexcitability has also been recorded in the contralat-
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eral hemisphere one week after middle cerebral artery occlusion
(22). Both a detrimental and a beneficial plasticity-promoting role
of lesion-induced hyperexcitability have been proposed (23). One
possible interpretation of the BDNF data would be that early pos-
tischemic dampening of the peri-infarct neuronal hyperactivity
activity might be beneficial. The possible interactions between
trophic and growth inhibitory factors (24) also need to be consid-
ered. The time-related patterns of postischemic gene expressions
are obviously very complex. Ten days after a phototrombotic le-
sion the gene expression patterns of 1176 genes, analyzed using
DNA macro arrays, showed extensive changes with up-regula-
tion on several genes in both hemispheres and down-regulation
of other genes in the ipsilateral areas (25).

ENVIRONMENTAL EFFECTS ON NEURONAL
MORPHOLOGY AND DENDRITIC SPINES

Dendritic spines, which are the primary postsynaptic targets of
excitatory glutaminergic synapses in the mature brain, have been
proposed as primary sites of synaptic plasticity (26-28) Current
data indicate that the dendritic tree is covered with a variety of
excitable synaptic channels operating on different time scales and
with activity-dependent sensitivity enabling a sophisticated neu-
ronal plastic capability (29).

Environmental enrichment can enhance dendritic branching and
increase the number of dendritic spines and synapses in intact
animals (9—11). Rearing animals in social isolation has the oppo-
site effect (30). In intact rats, reach training has been shown to
selectively alter dendritic branching in layer II and III pyramidal
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neurons in rat motor-somatosensory forelimb cortex (31). Hous-
ing in an enriched environment significantly increases the num-
ber of dendritic spines both in cortical layers II-11I (Fig. 1) and
V-VI, indicating that free activities in an enriched environment
lead to a more general stimulation of dendritic spines (32, 33).
Rats postoperatively housed in an enriched environment had sig-
nificantly more spines in pyramidal neurons in layers II-1II than
rats in standard cages in the cortex contralateral to the infarct
cavity. Neurons in layers II-1II have extensive connection with
other cortical areas, and synaptic plasticity in cortical horizontal
connections is proposed to underlie cortical map reorganisation
(34). In the deeper cortical layers, both enriched and standard
rats had a reduced number of dendritic spines, presumably re-
lated to the extensive loss of callosal connections from the infarct
area.

ENVIRONMENTAL EFFECT ON LESION-
INDUCED PROGENITOR CELL
DIFFERENTIATION

Environmental enrichment can enhance neurogenesis in intact
animals (35-37). With the aim to study if it also influences le-
sion-induced neurogenesis, rats were placed in an enriched envi-
ronment either 24 h or 7 days after an occlusion of the middle
cerebral artery distal to the striatal branches. BrdU, a marker of
cell division, was giving during the first week following the oc-
clusion. Whereas there was no difference in net survival of newly
formed cells between enriched and standard animals 4 weeks later,
both enriched groups normalised the neuron to astrocyte ratio in

Fig. /. Dendritic branching of
pyramidal neurons in layer III in
somatosensory cortex in rats housed in
standard (7e¢f?) or transferred to an
enriched (77¢712) conditions for 3 weeks.
Confocal imaging after microinjection
of Lucifer yellow. From Johansson &
Belichenko (33) by permission.



the newly formed cells in the hippocampus, a ratio that was mani-
fold increased in postischemic rats housed in standard environ-
ment because few new astrocytes were formed (38). A low num-
ber of astrocytes may be insufficient to support the newly formed
neurons. So far most studies on brain plasticity have concentrated
on neuronal changes. There is increasing evidence, however, that
astrocytes take an active part in synaptic plasticity (39-44), and
ultrastructural evidence for increased contact between astrocytes
and synapses in rats reared in a complex environment suggests a
close relationship between astrocyte plasticity and experience-
induced synaptic plasticity (45).

ENVIRONMENT, SOCIAL INTERACTION AND
PHYSICALACTIVITY

Enriched environment includes opportunities for various physi-
cal activities and social interaction. Studies aimed at comparing
the effect of enriched environment with that of social interaction
and repetitive physical exercise in the form of wheel running have
shown that social interaction was superior to running and that
enriched environment resulted in the best performance (13, 14).
These results are in agreement with a study on intact animals that
indicated that social grouping could not account for the full ef-
fects of enriched environment (46). Likewise, in a study compar-
ing the effect of exposure to enriched environment versus run-
ning before inducing bilateral cortical lesions, running did not
yield the same protective effect from postoperative impairment
as enriched environment did (47). Based on studies on stem cell
proliferation and survival in the rodent hippocampus it has been
proposed that an increase in voluntary exercise might be respon-
sible for most beneficial effects of environmental enrichment in
intact animals (48) and physical exercise has been proposed to
enhance brain health and plasticity (49). There is little doubt that
physical activity is essential for keeping the vascular system in
good shape and thus can help reduce stroke incidence. Further-
more, there is evidence that preclinical physical activities are
important for outcome in patients after stroke (50). However,
experimental studies have shown that motor learning but not re-
petitive physical exercise generates new synapses in the cerebel-
lar cortex in adult rats (51, 52), and that skill learning but not
strength training induces cortical reorganisation (53). Likewise,
extensive repetition of digit movements in the absence of motor
learning did not alter digit representations within the primary
motor cortex of the squirrel monkey (54). One important factor
in enriched environmental housing is the fact that the environ-
ment is changed and new objects are included a few times a week.
The fact that environmental enrichment induces a widespread
increase in dendritic spines (32, 33), enhances the effect of skill
training (55) and interacts with other interventions as described
below indicates in my view that repetitive muscle training is not
the major or only effect of an enriched environment.
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ENVIRONMENTAL INTERACTION WITH NEO-
CORTICAL TRANSPLANTATION AND DRUGS

In adult rats, foetal neocortical tissue transplanted in the infarcted
area 1-9 weeks after the ischemic event survives and receives
afferent connections from ipsilateral and contralateral cortex, the
thalamus and several other host brain subcortical nuclei (56).
Although sensory stimulation of the rat vibrissae enhances the
metabolic activity in grafts, indicating that such connections can
be functionally relevant (57), no effect on functional outcome is
observed unless the rats are housed in enriched environment (58,
59). When grafting was performed three weeks after the arterial
ligation there was no significant difference between grafted and
non-grafted infarcted rats housed in an enriched environment,
and both groups improved significantly more than grafted rats in
standard environment. However, if grafted one week after the
arterial ligation, the enriched environment further enhanced func-
tional outcome, and the secondary thalamic atrophy was signifi-
cantly reduced (59). Furthermore, afferent connections from the
host brain develop more extensive connections within the graft
in rats housed in enriched environment (60). These results are
consistent with studies from other neural grafting models (61).
Selegiline, an irreversible monoamine oxidase B inhibitor,
which alone has no beneficial effect after focal cerebral ischemia,
reduces behavioural and cognitive deficits when combined with
housing in enriched environment (62). In the opposite direction,
amphetamine, which in other experimental studies has been shown
to improve outcome, had no additional effect in rats housed in
enriched environment (63), and unpublished data indicate that
diazepam has no negative effect in rats housed in enriched envi-
ronment either. The additive or neutralising effects of stimulat-
ing environments on drugs may perhaps be explained by the re-
lease of catecholamines, glutamate and a number of hormones
induced by physical activities (64). The interaction between drugs
and environment is clearly an area that needs more attention.

ARE EXPERIMENTAL DATA ON ENRICHED
ENVIRONMENT RELEVANT FOR STROKE
PATIENTS?

The animal data presented above demonstrate that postischemic
environmental intervention can influence outcome after focal brain
ischemia. As for the relevance for human stroke patients, two
arguments can be raised. One is that standard laboratory housing
is a deprived environment not comparable to normal human life
and thus the result obtained in animal studies may not be relevant
for patients. This is a valid argument, which, however, leads to
the conclusion that a stimulating environment should be the base
in all animal recovery studies to which specific rehabilitative in-
terventions can be added. An opposite argument would be that
some clderly stroke patients might have lived a rather isolated
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Fig. 2. Dendritic spine density and morphology in rats housed in standard
environment (/g/7) and enriched environment (77g77).

life before stroke onset, also a valid argument considering the
fact that half of the stroke patients in e.g. Sweden are 75 years or
older. In any case, for most patients, the transfer from home to
hospital after an acute stroke involves a drastic change in envi-
ronment that justifies attempts to optimise the hospital and reha-
bilitation environment.

CLINICAL DATA

There are no randomised clinical studies comparable to the ani-
mal studies described above. Because early mobilisation can re-
duce secondary thromboembolic events, pneumonia, and mortal-
ity in acute stroke, it is recommended in many countries that stroke
patients be admitted to stroke units with specially trained medi-
cal and nursing staff, co-ordinated multidisciplinary rehabilita-
tion, and education programs for patients and their families (66).
No study has shown to what extent potential beneficial effects
are due to specific rehabilitation strategies and time spent in
physiotherapy and occupational therapy, or to the non-specific
effect of a more stimulating environment, with competent staff
that encourages and supports the patient and family. Mere admit-
tance to a stroke unit may increase the expectations of stroke pa-
tients. Expectation plays a significant role in drug treatment and
other interventions. Current neuroimaging data suggest that ex-
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pectation in the form of placebo treatment can lead to biochemi-
cal and neurobiological events related to the medical problem
treated. Thus there is evidence that placebo and opioid analgesia
share a neuronal network (66), that placebo treatment in depressed
patients induces some of the effects of antidepressant drugs pos-
sibly related to dopamine and endorphin (67), and that systemic
injections of saline in patients with Parkinson’s disease can in-
duce dopamine release in the brain (68). Could stroke units be
considered an enriched environment and, if so, could they have
the effect of reducing post-stoke depression or improving cogni-
tive functions after stroke? These comments are clearly specula-
tive and no corresponding hypotheses have to my knowledge been
tested.

A small retrospective study published 20 years ago indicated
that the view a patient saw through his or her window influenced
recovery after abdomen surgery, i.e. patients who could look out
over a park left the hospital earlier and needed less drugs than
those looking at a wall (69). Both ancient and contemporary lit-
erature are full of stories about how our environment and activi-
ties influence our lives in health and disease. Perhaps future re-
search will find some evidence to support such widely held hu-
man beliefs.

CONCLUDING REMARKS

Clinical studies indicate that the patient’s attitude, activities and
social interaction may influence the functional outcome and qual-
ity of life after stroke (70). However, it is difficult to separate
genetic and environmental factors in patients. Every patient is
unique. The capability to handle crises, including sickness and
disease, varies. Rehabilitation strategies that are meaningful for
the individual patients are likely to be the most effective. Perhaps
it is particularly important in neurorehabilitation to stimulate pa-
tients with little initiative of their own. It is important to set goals
that are attainable for the individual patient. What is an enriched
environment for patients will differ according to personality and
carlier life experiences. The role of music and art in cognitive
rehabilitation, for instance, has so far been little explored.

REFERENCES

1. Jenkins WM, Merzenich MM. Reorganization of neocortical repre-
sentations after brain injury: a neurophysiological model of the bases
of recovery from stroke. Progr Brain Res 1987; 71: 249-266.

2. Johansson BB, Grabowski M. Functional recovery after brain inf-
arction. Plasticity and neural transplantation. Brain Pathol 1994; 4:
85-95.

3. Nudo RJ, Wise BM, SiFuentes F, Milliken GW. Neural substrates for
the effect of rehabilitative training on motor recovery after ischemic
infarct. Science 1996; 272: 1791-1794.

4. Xerri C, Merzenich MM, Peterson BE, Jenkins WM. Plasticity of
primary somatosensory cortex paralleling sensorimotor skill recov-
ery from stroke in adult monkeys. J Neurophysiol 1998; 79: 2119—
2148.



20.

21.

22.

23.

24.

25.

26.

Buonomano DV, Merzenich MM. Cortical plasticity: from synapses
to maps. Annu Rev Neurosci 1998; 21: 149-186.

Johansson BB. Brain plasticity and stroke rehabilitation. The Willis
Lecture. Stroke 2000; 31: 223-231.

Hallett M. Plasticity of the human motor cortex and recovery from
stroke. Brain Res Brain Res Rev 2001; 36: 169—-174.

Bennett EL, Diamond MC, Krech D, Rosenzweig MR. Chemical
and anatomical plasticity of brain. Science 1964; 146: 610-619.
Globus A, Rosenzweig MR, Bennett EL, Diamond MC. Effect of
differential experience on dendritic spines counts in rat cerebral cor-
tex. J Comp Physiol Psychol 1973; 82: 175-181.

. Kolb B. Brain plasticity and behaviour. Hillsdale, New Jersey:

Lawrence Erlboum, 1995.

. Comery TA, Stamoudis CX, Irwin SA, Greenough WT. Increased

density of multiple-head dendritic spines on medium-sized spiny
neurons of the striatum in rats reared in a complex environment.
Neurobiol Learn Mem 1996; 66: 93-96.

. Ohlsson A-L, Johansson BB. Environment influences functional out-

come of cerebral infarction in rats. Stroke 1995; 26: 644—649.

. Johansson BB, Ohlsson A-L. Environment, social interaction and

physical activity as determinants of functional outcome after cere-
bral infarction in the rat. Exp Neurol 1996; 139: 322-327.

. Risedal A, Mattsson B, Dahlgvist P, Nordborg C, Olsson T, Johansson

BB. Environmental influences on functional outcome after a cortical
infarct in the rat. Brain Res Bull 2002; 58: 315-321.

. Johansson BB. Functional outcome in rats transferred to an enriched

environment 15 days after focal brain ischemia. Stroke 1996; 27:
324-326.

. Kinouchi H, Sharp FR, Chan PH, Koistinaho J, Sagar SM, Yoshimoto

T. Induction of c-fos, junB, c-jun, and hsp70 mRNA in cortex, thala-
mus, basal ganglia, and hippocampus following middle cerebral ar-
tery occlusion. J Cereb Blood Flow Metab 1994; 14: 808-817.

. Akins PT, Liu PK, Hsu CY. Immediate early gene expression in re-

sponse to cerebral ischemia. Friend or foe? Stroke 1996; 27: 1682—
1687.

. Zhao LR, Mattsson B, Johansson BB. Environmental influence on

brain-derived neurotrophic factor messenger RNA expression after
middle cerebral artery occlusion in spontaneously hypertensive rats.
Neuroscience 2000; 97: 177-184.

. Zhao LR, Rosedl A, Wojcik A, Hejzlar J, Johansson BB, Kokaia Z.

Enriched environment influences brain-derived neurotrophic factor
levels in rat forebrain after focal stroke. Neurosci Lett 2001; 305:
169-172.

Dahlqvist P, Zhao L, Johansson I-M, Mattsson B, Johansson BB,
Seckl JR, Olsson T. Environmental enrichment alters NGFI-A and
glucocorticoid receptor mRNA expression after MCA occlusion in
rats. Neuroscience 1999; 93: 527-535.

Qu M, Mittmann T, Luhmann HJ, Schleicher A. Long-term changes
of ionotropic glutamate and GABA receptors after unilateral perma-
nent focal cerebral ischemia in the mouse brain. Neuroscience 1998;
85:29-43.

Reinecke S, Lutzenburg M, Hagemann G, Bruehl C, Neumann-
Haefelin T, Witte OW. Electrophysiological transcortical diaschisis
after middle cerebral artery occlusion (MCAO) in rats. Neurosci Lett
1999; 261: 85-88.

Buchkremer-Ratzmann I, August M, Hagemann G, Witte OW. Elec-
trophysiological transcortical diaschisis after cortical photothrombosis
in rat brain. Stroke 1996; 27: 1105-1119.

Yuguchi T, Kohmura E, Sakaki T, Nonaka M, Yamada K, Yamashita
T, et al. Expression of growth inhibitory factor mRNA after focal
ischemia in rat brain. J Cereb Blood Flow Metab 1997; 17: 745-752.
Keyvani K, Witte OW, Paulus W. Gene expression profiling in
perilesional and contralateral areas after ischemia in rat brain. J Cereb
Blood Flow Metab 2002; 22: 153-160.

Calverley RK, Jones DG. Contributions of dendritic spines and per-
forated synapses to synaptic plasticity. Brain Res Brain Res Rev 1990;
15:215-249.

Environmental influence on recovery afier brain lesions 15

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Eilers J, Konnerth A. Dendritic signal integration. Curr Opin
Neurobiol 1997; 7: 385-390.

Harris KM. Structure, development, and plasticity of dendritic spines.
Curr Opin Neurobiol 1999; 9: 343-348.

Svoboda K, Dent W, Kleinfeld D, Tank D. In vivo dendritic calcium
dynamics in neocortical pyramidal neurons. Nature 1997; 385: 161—
165.

Bryan GK, Riesen AH. Deprived somatosensory-motor experience
in stumptailed monkey neocortex: dendritic spine density and den-
dritic branching of layer IIIB pyramidal cells. J] Comp Neurol 1989;
286: 208-217.

Whithers GS, Greenough WT. Reach training selectively alters den-
dritic branching in subpopulations of layer II and III pyramids in rat
motor-somatosensory forelimb cortex. Neuropsychologica 1989;27:
61-69.

Johansson BB, Belichenko PV. Environmental influence on neuronal
and dendritic spine plasticity after permanent focal brain ischemia.
In: Ito U, Bazan NG, Ito U, Marcheselli VL, Kuroiwa T, Klatzo I,
editors. Maturation Phenomenon in Cerebral Ischemia IV. Berlin,
Heidelberg: Springer Verlag; 2001. p. 77-83.

Johansson BB, Belichenko PV. Neuronal plasticity and dendritic
spines: effect of environmental enrichment on intact and postischemic
rat brain. J Cereb Blood Flow Metab 2002; 22: 89-96.

Hess G, Aizenman CD, Donoghue JP. Conditions for the induction
of long-term potentiation in layer II/III horizontal connections of the
rat motor cortex. J Neurophysiol 1996; 75: 1765-1777.
Kempermann G, Kuhn HG, Gage FH. More hippocampal neurons in
adult mice living in an enriched environment. Nature 1997; 386: 493—
495.

Kempermann G, Brandon EP, Gage FH. Environmental stimulation
of 129/SvJ mice causes increased cell proliferation and neurogenesis
in the adult dentate gyrus. Curr Biol 1998; 8: 939-942.

Nilsson M, Perfilieva E, Johansson U, Orwar O, Eriksson PS. En-
riched environment increases neurogenesis in the adult rat dentate
gyrus and improves spatial memory. J Neurobiol 1999; 39: 569-578.
Komitova M, Peerfilieva E, Mattsson B, Eriksson PS, Johansson BB.
Effects of cortical ischemia and postischemic environmental enrich-
ment on hippocampal cell genesis and differentiation in the adult rat.
J Cereb Blood Flow Metab 2002; 22: 852—-860.

Vernadakis A. Glia-neuron intercommunications and synaptic plas-
ticity. Prog Neurobiol 1996; 49: 185-214.

Chvatal A, Sykova E. Glial influence on neuronal signaling. Prog
Brain Res 2002; 125: 199-216.

Araque A, Carmignoto G, Haydon PG. Dynamic signaling between
astrocytes and neurons. Annu Rev Physiol 2001; 63: 795-813.
Ullian EM, Sapperstein SK, Christopherson KS, Barres BA. Control
of synapse number by glia. Science 2001; 291: 657-661.

Smit AB, Syed NI, Schaap D, van Minnen J, Klumperman J, Kits
KS, et al. A glia-derived acetylcholine-binding protein that modu-
lates synaptic transmission. Nature 2001; 411: 261-268.
Nishiyama H, Knopfel T, Endo S, Itohara S. Glial protein S100B
modulates long-term neuronal synaptic plasticity. Proc Natl Acad Sci
USA 2002; 99: 4037-4042.

Jones TA, Greenough WT. Ultrastructural evidence for increased
contact between astrocytes and synapses in rats reared in a complex
environment. Neurobiol Learn Mem 1996; 65: 48-56.

Rosenzweig MR, Bennett EL, Hebert M, Morimoto H. Social group-
ing cannot account for cerebral effects of enriched environments.
Brain Res 1978; 153: 563-576.

Gentile AM, Beheshti Z, Held MJ. Enrichment versus exercise ef-
fects on motor impairments following cortical removals in rats. Behav
Neurol Biol 1987; 47: 321-332.

Van Praag H, Kempermann G, Gage FH. Neural consequences of
environmental enrichment. Nature Neurosci Rev 2002; 1: 191-192.
Cotman CW, Berchtold NC. Exercise: a behavioral intervention to
enhance brain health and plasticity. Trends Neurosci 1992; 25: 295~
301.

J Rehabil Med Suppl 41, 2003



16 B Johansson

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

Colantonio A, Kasl SV, Ostfeld AM, Berkman LF. Prestroke physi-
cal function predicts stroke outcomes in the elderly. Arch Phys Med
Rehabil 1996; 77: 562-566.

Black JE, Isaacs, KR, Anderson BJ, Alcantara AA, Greenough WR.
Learning causes synaptogenesis, whereas motor activity causes an-
giogenesis, in cerebellar cortex of adult rats. Proc Natl Acad Sci USA
1990; 87: 5568-5572.

Kleim JA, Swain RA, Armstrong KA, Napper RM. Jones TA,
Greenough WT. Selective synaptic plasticity within the cerebellar
cortex following complex motor skill learning. Neurobiol Learn Mem
1998; 69: 274-289.

Remple MS, Bruneau RM, VandenBerg PM, Coertzen C, Kleim JA.
Sensitivity of cortical movement representations to motor experience:
evidence that skill learning but not strength training induces cortical
reorganization. Behav Brain Res 2001; 123: 133-141.

Plautz EJ, Millikan GW, Nudo RJ. Effect of repetitive motor training
on movement prepresentations in adult squirrel monkeys: role of use
versus learning. Neurobiol Learn Mem 2000; 74: 27-35.
Biernaskie J, Corbett D. Enriched rehabilitative training promoted
improved forelimb motor function and enhanced dendritic growth
after focal ischemic injury. J Neurosci 2001; 21: 5272-5280.
Grabowski M, Brundin P, Johansson BB. Fetal neocortical grafts
implanted in adult hypertensive rats with cortical infarcts following
a middle cerebral artery occlusion: ingrowth of afferent fibers from
the host brain. Exp Neurol 1992; 116: 105-121.

Grabowski M, Brundin P, Johansson BB. Functional integration of
cortical grafts placed in brain infarcts of rats. Ann Neurol 1993; 34:
362-368.

Grabowski M, Sorensen JC, Mattsson B, Zimmer J, Johansson BB.
Influence of an enriched environment and cortical grafting on func-
tional outcome in brain infarcts of adult rats. Exp Neurol 1995; 133:
96-102.

Mattsson B, Serensen JC, Zimmer J, Johansson BB. Neural grafting
to experimental neocortical infarcts improves behavioral outcome
and reduces thalamic atrophy in rats housed in an enriched but not in
standard environments. Stroke 1997; 28: 1225-1232.

J Rehabil Med Suppl 41, 2003

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Zeng J, Mattsson B, Schulz M, Johansson BB, Serensen JC. Expres-
sion of zink-positive cells and terminals in fetal neocortical
homografts to adult rat depends on lesion type and rearing condi-
tions. Exp Neurol 2000; 164: 176-183.

Dobrossy MD, Dunnett SB. The influence of environment and expe-
rience on neural grafts. Nature Neurosci 2001; 2: 871-879.
Puurunen K, Jolkkonen J, Sievio J, Haapalinna A, Sivenius J.
Selegiline combined with enriched-environment housing attenuates
spatial learning deficits following focal cerebral ischemia in rats. Exp
Neurol 2001; 167: 348-355.

Johansson BB, Mattson B, Ohlsson A-L. Functional outcome after
brain infarction: effect of enriched environment and amphetamine.
In: Tto U, Kirino T, Kuroiwa T, Klatzo I, editors. Maturation phe-
nomenon in cerebral ischemia II. Berlin, Heidelberg: Springer-Verlag;
1997, p. 159-167.

Vanderwolf CH, Cain DP. The behavioral neurobiology of learning
and memory: a conceptual reorientation. Brain Res Rev 1994; 19:
264-297.

Stroke Unit Trialists Collaboration. How do stroke units improve
patient outcomes? A collaborative systematic review of the random-
ized trials. Stroke 1997; 28: 2139-2144.

Petrovic P, Kalso E, Petersson KM, Ingvar M. Placebo and opioid
analgesis — Imaging a shared neuronal network. Science 2002; 295;
1737-1740.

Mayberg HS, Silva JA, Brannan SK, Tekell JL, Mahurin RK,
McGinnis S, Jerabek PA. The functional neuroanatomy of the pla-
cebo effect. Am J Psychiatry 2002; 159: 728-737.

de la Fuente-Fernandez R, Stoessl AJ. The placebo effect in
Parkinson’s disease. Trends Neurosci 2002; 25: 302-306.

Ulrich R. View through a window may influence recovery from sur-
gery. Science 1982; 224: 420-421.

Johansson BB, Jadbick G, Norrving B, Widner H. Evaluation of long-
term functional status in first-ever stroke patients in a defined popu-
lation. Scand J Rehabil Med Suppl 1992; 26: 103-114.



